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ABSTRACT 
A vertical probe (VP) employing a water jet has been developed for assessing 
scour potential and scour rates of sediments typically found at the bottom of rivers or 
streams. The probe termed "In situ Scour Evaluation Probe," or ISEP, is based on the 
idea that analysis of the probe penetration rate into the soil may be correlated with 
scour rate and erosion potential. The method proposed herein aims at measuring the 
potential scour rate in situ and as a function of depth. Results on the test sand with 
mean particle diameter (Dso) -0.3 mm suggest that the rate of advancement of the 
probe can be empirically correlated to the vertical velocity of the water at the tip of 
the probe raised to a positive exponent. For the saturated sand used in testing, the 
exponent appears to be 1.4. The rate of probe advancement seems to also vary with 
moisture content. Thus far, scour rates determined with this proposed method are 
found to be in reasonable agreement with scour rates published for similar sand type. 
INTRODUCTION 
Scour evaluation is critical for assessing the stability of several types of civil 
infrastructures prior to, and after, storm events, as was learned from failures during 
and after Hurricane Katrina (Seed et ai, 2006). Briaud (2002) suggests that 60% of all 
the bridge failures in the US are caused by excess scour under the bridge piers or 
abutments leading to collapse or serious structural damage. Figure I shows an 
example ofa bridge failure near Toyah, TX due to scouring of the foundation soil due 
to flooding during a thunderstorm (NWS, 2004). 
Figure 1. Collapse of the 1-20 Bridge Near Toyah, Texas on 4/4/2004. 
(Downloaded from: NWS Midland/Odessa (2004) 
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Moreover, assessment of scour potential is a persistent challenge for the 
engineering profession across disciplines. For example, scour cases were cited for 
civil engineering by Seed et al (2006), agricultural engineering by Hanson and Hunt 
(2007) and petroleum engineering by Vardoulakis, et al (1996). 
Current techniques for measuring scour potential require either removal of 
soil samples for laboratory testing such as the Erosion Function Apparatus (EF A) 
proposed by Briaud et al (2001), or limiting measurements to scour on the surface of 
the sediment using inverted flumes, e.g. Aberle et al. (2003), or the use of surface jets 
as was presented by Hanson et al (2002) and Hanson and Cook (2004). 
PROPOSED SCOUR PROBE 
The process proposed here for the development of ISEP uses the method of a 
vertical water jet driven by a pump to erode the soil and advance the probe into the 
profile. Cone-tipped stainless steel pipe sections are attached to a digitally controlled, 
centrifugal pump providing controllable and repeatable vertical water velocity at the 
tip. As the vertical water jet is deflected by the soil, the now horizontally moving 
water applies a shear stress to the soi l grains causing erosion. A schematic of the 
probe and a photograph of the tips are shown in Figure 2a and 2b. 
A 
Figure 2a. Schematic of the vertical scour apparatus: A. Reservoir B. 
Ball Valve C. Pump D. Probe and tip 
Figure 2b. Tips used in the collection of data for the current research. 
Generally, the design goal is the development of a portable system allowing 
the assessment of soil scourbility profile at key locations near critical infrastructures. 
Accordingly, both an assessment of current conditions as well as tracking of 
erodibility changes with various velocity-time profiles are to be achieved. The 
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proposed scour probe and ancillary equipment use off-the-shelf parts except for the 
probe body and tips, which were constructed in the NCSU precision machine shop. 
The probe has a stainless steel body with several removable stainless steel tips. The 
probe body was designed in 1.22 m (4 ft) sections so that it may be broken down for 
transport and can conveniently handled in the field. The pump is Gould GLSSV2 
variable speed centrifugal pump coupled to an ITT PumpSmart variable speed pump 
controller. 
Several tips and configurations were constructed and tested. The flat-topped 
tip with 6 - 0.00635 m (1/4 in) orifices was found to give the best penetration in dry 
sand. However, for the saturated sand used in the majority of testing, the 60° 
truncated cone tip with a 0.0127 m orifice (1/2 in) gave the most consistent results. A 
0.003175 m (1/8 in) tip was constructed and found to be restrictive to water flow so 
further testing was suspended. Another tip with a 0.01905 m (3/4 in) orifice in a 
truncated cone configuration has been constructed to allow for the application of 
lower water velocities with relatively high flow rates . 
BACKGROUND - SOIL SCOUR 
The scour of granular materials has been discussed extensively in the 
literature. Albert Shields (1936) described the initiation of motion of granular 
particles on the basis of flume testing during his PhD research, as presented in 
Kennedy (1991). One of Shields' conclusions was that a critical shear stress (1:c) 
existed below which particles will not be dislodged and moved. This critical shear 
stress value represents the viscous drag imparted by the moving fluid to the bed 
particles, and is related to a critical velocity. The critical velocity necessary to create 
a given shear stress is a function of the depth of flow and the particle diameter, and 
according to Richardson and Davis (2001) is given as: 
(1) 
where: d50 = size of the bed material , and y is the depth of flow. Another factor 
controlling the erosion of granular soils is the resisting force of a particles submerged 
weight (the submerged weight is the difference between the gravitational weight of 
the particle and the buoyancy force on the particle.) For such particles, erosion or 
scour will occur when the drag force exceeds the force of friction of stacked particles. 
Briaud (2001) discussed the observation in slow-motion video of erosion experiments 
in flumes in which the dominant means of particle motion are sliding, rolling, and 
plucking; Shields' basic equation stated that the critical shear stress (1:c) is related to 
particle diameter and was given by: 
1:c (N/m" ) = 0.63d5o (mm) (2) 
where: d50 = particle diameter corresponding to 50% is fmer. This basic conclusion 
that the critical shear stress is proportional to d50 has been mostly supported by others 
including White (1940), Laursen (1962) and Wiberg and Smith (1987); only the 
proportionality constant differs. Briaud et al (1999) suggested that the proportionality 
constant is one with the following equation for 1:c: 
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t c (N/m2 ) = dso (mm) (3) 
where dso = particle diameter where 50% is finer is more appropriate for sands. For 
gravels, with diameters ranging between dso = 4.89 - 31.75 mm, Dey and Raju 
(2002) suggested a non-dimensional shear stress of: 
(4) 
where: Fd is the particle Froude number, d is the effective particle diameter, and h is 
the water depth to the top of the virtual bed, t b = bed shear stress, g = gravitational 
constant, p = particle density and t:, = s-l , s = relative density of the particles. 
Regardless of the particular form, particle size is one of the controlling factors in 
describing a soil's ability to resist scour or erosion since it plays an important role in 
both a particle's weight and the effective surface area exposed to the moving fluid. 
Cohesive sediments are somewhat more complicated since additional forces are 
involved. These attractive-repulsive forces are mostly electrical in nature and include 
electrostatic and van der Waal's forces . Briaud (I999b) showed that ratio of van der 
Waal's forces to gravitational forces is 10-20 for sands but only 10-3 for clays. 
Stein et al (1993) derived an expression for the shear stress applied to a 
surface within the potential core of the jet as: 
(5) 
where: te = applied shear stress to bed, Cr is the friction coefficient determined by 
Robinson (1992) and is equal to (0 .0474/2)Ro· 1/S , Ro= 2yoUo/n, Uo = Vertical velocity 
of water at the tip, r = density, Yo = jet thickness . This equation was also derived by 
Aderibigbe & Rajaratnam (1997) and is used in this paper as the basis for conversion 
between vertical water velocity and bed shear stress . 
BACKGROUND-JET SCOUR AND VERTICAL WATER JET 
The use of vertical water jets to measure erosion is not a new concept. The 
earliest published use the authors found is by Dunn (1959), which was a laboratory 
study of the cohesive strength of stream sediments. Moore and Masch (1962) also 
developed a laboratory device for measuring scour using vertical water jets. Patterson 
(1989) described a "Cohesive Strength Meter" using pulsating water jets for 
measuring the in situ erosion shear stress of intertidal sediments . More recently, 
Hanson et al (2002) and Hanson and Cook (2004) have described an apparatus also 
using a vertical jet for measurement of scour. This device and the resulting stress 
distribution are shown in Figure 3. It has long been recognized that scour downstream 
of many hydraulic structures such as culverts and spillways maybe analogues to jet 
scour. Consequently, this has been a topic of research over many years. Doodiah et al 
(1953), Sarma (1965), Beltaos, and Rajaratnam (1974), Aderibigbe & Rajaratnam 
(1997) and many others have all made contributions to this field. Most of these 
studies were concerned with the problem of describing the maximum scour depth as 
the jet is held stationary. For these cases, the height of the jet above the surface is 
greater than the length of the "potential core" as defined by Albertson et al (1948) . 
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The "potential core" is that part of the jet where water retains its original velocity. At 
distances greater than the potential core, the velocity of flow decreases linearly as 
was presented by Albertson et al (1948). Niven and Khalili (1998) took a different 
approach and investigated internal jets or jets submerged within the material. While 
their analysis was concerned with in situ fluidization of sand beds, one of their 
conclusions was that the penetration depth for an embedded jet was related to scour 
beneath the jet, and may be described by a Shields-type of scour. 
Stro::ss \ ' . 
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Figure 3. Schematic of vertical jet apparatus and the resulting stress 
distribution, from Hanson and Cook (2004). 
TESTING AND RESULTS 
The sand used in testing is characterized by the grain size distribution shown 
in Figure 4. The Dso value for this sand is about 0.3 mm. The angle of internal friction 
for this sand was also determined in the lab and was found to be about 37°. Critical 
shear stress can be calculated assuming a 'depth' equal to the diameter of the probe. 
Applying Equation (l) to the sand parameters suggests a critical velocity of 0.25 mls. 
If the analysis from Stein et al (1993) (summarized in Equation 5) is applied to this 
velocity, the resulting critical shear stress is about 0.3 N/m2 If Shields relationship, 
Equation (2), is used, the calculated critical shear stress is 0.189 N/m2. Using Briaud's 
(1999) relationship (equation 3) yields a critical shear stress of 0.3 N/m2 
Results from calibration tests collected with the curent ISEP configuration are 
shown in Figure 5 along with several of the regression equations derived from this 
data set. The pump is controlled by setting the RPM, and the water velocities from 
the tip are used to calculate the shear stresses applied to the soil. The water velocities 
obtained with the current tips range between 2.4 and 5.8 mls and all subsequent 
results were collected with these tips in this velocity range. 
120 SCOUR AND EROSION 
..... 100% 
..c: 
CJ) 
"Qj 80% ~ 
~ 60% ,Q 
;... 
~ 40% 
= 1.;: 
..... 20% 
= ~ 
CJ 0% ;... ~ 
yo 
,( 
- Sand I / 
-+-2 / 
3 ) 
,.! 
. .1" 
-~ 
~ 0,01 0.1 
Grain Size,mm 
Figure 4 Grain size distribution of the sand used in testing. 
A new tip with a larger orifice (0.01905 m or 3/4 inch) has been constructed 
and is currently being tested. The expected water velocities from this tip are shown 
on the calibration chart in Figure 5 as the lowermost (blue) line, The use of the new 
tip should reduce the water velocities into the 1.0 to 2,5 m/s range. 
8.000 r- . - I. br~ - H~~~ - - · - ·· --·-··· -· - .... --r----------··, "··T·"·""-- -· -·· "~ -::"· ;~.on2 .. .,. O.OJ6 ......... . ] 
• Con~ Tir R: "" 0.99(') 1 
7 .000 : • Fiat-lOP T~ 
(j,OOO .,..: _-'-__ -+ ___ ._----j _____ l..-=--"'" 
+. , ? 5.000 -c---.--.- -- -r----'- --- __=__ ~ 
-=-
0.000 J-____ -!-_________ -'--_---l-----~ 
1300 1800 :!300 2ROO 3300 3ROO 
Pump RPM 
Figure 5. Calibration results relating pump RPM to water velocity. The blue 
line shows the expected velocities with the new, larger tip currently under 
The penetration rate vs shear stress measured with the ISEP is shown in 
Figure 6. The data shown are determined by measuring the time taken for 5 cm of 
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embedment of the probe as it progresses into the soil. Two trends are apparent in spite 
of the scatter. First, as the shear stress increases, the erosion rate, indicated by the 
penetration rate, increases. Secondly, as the probe progresses deeper into the soil, the 
rate at which the probe embeds itself decreases . 
In Figure 7, the penetration rate versus water velocity is shown overlain with 
Briaud's (2008) proposed erosion categories. Also shown on the graph are results 
from Erosion Function Apparatus (EF A) measurements of sand with a similar D50 
-0.3 mm (Briaud et al (2004). While it is tempting to suggest that the data are sub-
parallel with the EF A data, this conclusion would be premature. However, 
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Figure 6. Penetration rate vs. Shear Stress displayed as a function of 
examination of published EF A results show that a gradual decrease in slope as water 
velocity increases is not uncommon. Examples of this behavior were also observed in 
results published by Briaud (2008), Seed et al (2006) and others. The use of the new 
tip mentioned previously should decrease tip water velocities allowing data to be 
collected with velocities down to 1.0 mls allowing results to be directly compared. 
Figure 8 shows the results of transforming the scour rate data (shown in 
Figure 7) using the Stein and Nett equation (Equation 5), such that the independent 
variable is now shear stress. In Figure 8, the same general behavior is observed as in 
Figure 7. An additional, non-quantitative observation was made early during testing 
of the vertical scour probe. When higher flow rates were used ( > 5.8 mls-17 Limin), 
the saturated sand would liquefy and the probe would embed its entire length into the 
soil. This behavior became less likely as the water velocity was decreased. 
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Figure 7 Erosion rate versus water velocity for the data collected here 
(data are also shown for a similar sand referenced in Briaud et aI, 2004). 
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Figure 8 Erosion rate versus shear stress (For comparison, data for a 
similar sand referenced in Briaud et al (2004) and Briaud's (2008) are also 
shown. 
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SUMMARY AND CONCLUSIONS 
A vertical probe employing a water jet has been developed for measuring 
scour potential and erosion rates of non-cohesive sediments, the probe termed "In situ 
Scour Evaluation Probe," or ISEP is proposed for in situ assessment of scour 
potential with depth. The probe has been tested in sand across a wide range of water 
velocities at the tip. These water velocities have been used to estimate a range of 
shear stresses applied to the surface below the tip, and the scour rates resulting from 
the water flow have been calculated. It is found that scour rates determined on the test 
sand using the method described herein are similar to those measured and reported 
using the EF A method presented by Briaud (2001), although more testing is required 
for further assessment of the data obtained using the ISEP probe. 
Work is in progress to apply this technique to deeper layers of soil and to 
assess the applicability of the technique to different soils. Different sands and 
different sand jfmes mixtures wi ll be tested to further assess and calibrate this 
technique. Various flow rates will also be applied to these soils since a different 
mechanism of scour is induced at different water velocities. In addition, the vertical 
probe will be deployed this summer to measure erosion rates along the beaches of the 
Outer Banks of North Carolina to attempt differentiation of those parts of the Outer 
Banks displaying different historical erosion rates during storms. 
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